Understanding the drivers of morphological diversity is a persistent challenge in evolutionary 1 2 biology. Here, we investigate functional diversification of secretory cells in the sea anemone 1 3
To determine whether the makeup of the tryptome was unique to N. vectensis, we searched for 1 4 0 proteins with these same domain architectures in representatives from all domains of life (other 1 4 1 cnidarians, bilaterians, non-metazoan eukaryotes, and a selection of prokaryotes). Two domain 1 4 2 architectures were found to be present across taxa: those with only a trypsin domain, and those 1 4 3 with a trypsin and a PDZ domain ( Figure 4B ). Trypsins appear to have expanded considerably 1 4 4 after the origin of animals, as both choanoflagellate lineages had fewer than five trypsins but the reflective of other cnidarians, we built a phylogeny using representatives of each class within 1 8 8 Cnidaria ( Figure 6 ). We identify 16 clades of trypsins that include representatives of at least two 1 8 9 lineages of anthozoans and two lineages of medusozoans, suggesting these clades may have been 1 9 0 present in the stem cnidarian. Two clades (the trypsin-MAM and trypsin-ShK clades) seem to 1 9 1 have undergone further expansion in anthozoans after their divergence from medusozoans. origin of Cnidaria ( Figure 8A ). By contrast, the SRCR domain and its association with trypsin 2 2 7 likely arose in the stem metazoan as trypsin-SRCR proteins were found in M. leidyi 2 2 8 (Supplemental file 6). There does not appear to be a relationship between the age of the domain and the origin of its 2 3 1 association with trypsin ( Figure 8B ). Two trypsin associations were found only in N. vectensis: 2 3 2 trypsin-DIM (NVJ_199428) and trypsin-WSC (NVJ_105271), and one association was found WSC domain is present throughout eukaryotes ( Figure 8A ) but was associated with trypsin in 2 3 5 only in N. vectensis. The Lustrin_cystein domain seems to have arisen in the last common 2 3 6 ancestor of parahoxozoa (Placozoa + Cnidaria + Bilateria). These two associations represent 2 3 7 extreme cases whereby trypsin diversity in N. vectensis arose through acquisition of both young 2 3 8 (Lustrin_cystein) and old (WSC) domains. The not-so-simple cnidarian ectoderm 2 4 2
Although cnidarian body plans develop from only two tissue layers, morphological diversity 2 4 3 varies widely across taxa. Similarly, only a dozen or so morphologically unique cell types have 2 4 4 been described (10, 18), but cnidarian genomic and functional diversity rival that of any 2 4 5 bilaterian lineage (4, 19) . While the ectodermal layer comprising the external and pharyngeal 2 4 6 epithelia may be contiguous, these regions are morphologically and functionally distinct in N. (10, 12) . In this study, we further demonstrate that the continuous layer of 2 4 8 internal ectoderm from the pharynx through the mesenteries is equally heterogeneous. The (also see (12, 20) ). Furthermore, the combinatorial expression of only two proteases can result in 2 5 4 the development of at least three distinct cell types ( Figure 3C ). Together, the combination of a 2 5 5 diverse tryptome and extensive trypsin co-expression ( Figure 3E ) suggests cell functional 2 5 6 diversity in cnidarians may well exceed historical expectations. We found no evidence of endodermal gland cells (zymogen type or mucous type) in our TEM or N. vectensis but their distribution is heterogeneous. Zymogen cell diversity, for example, is much 2 6 2 1 3 higher in the internal than the external ectoderm (Figure 2, Supplemental file 1). This is 2 6 3 consistent with the histological analyses of Frank and Bleakney (10) but seems to be in contrast 2 6 4 with the distribution of gland cells in medusozoans. In Hydra, for example, zymogen gland cells 2 6 5 are found exclusively in the endoderm (21). These observations suggest that the internalization 2 6 6 of the ectoderm in anthozoans was a pivotal event in the diversification of specialized zymogen 2 6 7 cells. Cell products secreted from the tentacle ectoderm may quickly become diluted in the water 2 6 8 column, whereas the closed environment of the gastrovascular cavity limits the space over which anthozoans and the endoderm of medusozoans (and many bilaterians). As such, we see no reason 2 7 3 to homologize the ectoderm of anthozoan mesenteries and the endodermal lining of the 2 7 4 vertebrate midgut/pancreas (12). We consider it more likely that these tissues have converged on 2 7 5 similar morphologies and gene expression profiles in response to similar selection pressures 2 7 6 associated with extracellular digestion. The trypsin domain catalyzes the cleavage of polypeptides at internal amino acid residues and is 2 8 0 therefore essential for processing large proteins into smaller peptide chains. Digestive trypsins 2 8 1 are synthesized in secretory cells with zymogen type secretory granules where they are packaged 2 8 2 into vesicles for release into the gut. We show that there are at least 10 morphologically distinct Further, we demonstrate that numerous proteases are expressed in the same tissues ( Figure 3 and that the vast majority of trypsins in N. vectensis encode a signal peptide ( Figure 7A ). Using 2 8 6 published single-cell expression data (15), we identified ten putative gland cells that express and strongly support a role for trypsins in extracellular protein degradation in N. vectensis. RFamide and Elav are also undergoing terminal differentiation in this tissue at this 2 9 8 developmental stage (18, 22) . Indeed, the trypsin protease NVJ_99932 (Figure 3 ) is co-expressed with two other trypsins (NVJ_230861 and NVJ_130234) in a putative neuron expressing GABA oral ends of the mesenteries after amputation (25) and that many proteases are expressed 3 1 0 abundantly during this process (26). Thus, the mesenteries appear to play an important role in 3 1 1 directing the tissue remodeling process in N. vectensis. In support of this, a study of wound 3 1 2 healing in response to a body wall injury demonstrated that the mesenteries come into direct 3 1 3 contact with damaged tissue during the healing process (27). This study also showed that two dataset, NVJ_107554 is expressed in two putative gland cells (metacells C12 and C19, 3 1 7
Supplemental file 4). One of these (metacell C12) is also the site of expression of three proteases regeneration and these roles may vary through ontogeny. Beyond their roles in digestion and tissue remodeling, trypsins are an important component of are part of the complement system which recognizes foreign particles (28). In symbiotic 3 2 5 cnidarians, immune trypsins play a role in the beneficial interaction between the host and the 3 2 6 alga (29). While N. vectensis does not host symbiotic algae, a previous study aimed an 3 2 7 understanding the origin of the innate immune system reported the expression of three immune (NVJ_41116, NVJ_204186), each of which were expressed in the endoderm (gastrodermis) of 3 3 0 juvenile polyps (30). We found that the two factor B orthologs were also co-expressed in a single transcriptome of nematosomes, which may also play a role in the immune system of N. vectensis 3 3 5 (11). This gene clustered with human chymotrypsin genes, not the immune system trypsins 3 3 6 ( Figure 5 ); as such it may have acquired a role in the immune system secondarily. association between the ShK and trypsin domains also seems to have been lost in the bilaterian The ancestral cnidarian may have had a far more diverse suite of trypsins than the ancestral while the diversity of trypsins in N. vectensis rivals that of H. sapiens (Figure 4 ), there is little 3 6 2 conservation in the associated domains in these taxa ( Figure 5B ). Furthermore, within each clade 3 6 3 of trypsins, sequences from cnidarians and bilaterians form distinct groups, suggesting that 3 6 4 secretory cell function expanded independently in the cnidarian and bilaterian stem lineages. There was extensive divergence in the trypsin gene superfamily during the diversification of 3 6 6 cnidarians but anthozoans seem to have undergone additional radiations in at least two trypsin clades. Anthozoans are the most speciose group of cnidarians and are largely sessile; thus, 3 6 8 selection for trophic specialization and sympatric niche diversification may be stronger among 3 6 9 anthozoans than medusozoans. lost in each cnidarian lineage. Furthermore, nearly 40% (28/72) of the proteins comprising the N. Trypsins were associated with 24 other conserved protein domains in the N. vectensis tryptome, 3 8 6 only few of which were over-represented in the tryptome ( Figure 4A ). The ShK domain is a 3 8 7 short peptide found in a K-channel inhibitor originally isolated from the sea anemone gained and lost easily, as ShK domains from sister trypsins were almost never monophyletic. shuffling. Two trypsin-ShK proteins (NVJ_218669 and NVJ_218670) were found to be sister in domain plays when it is paired with the trypsin domain is not known but the overabundance of We also found evidence of trypsin diversification independent of the acquisition of associated scaffold, suggesting tandem gene duplication. Additionally, two trypsins were found to lack 4 0 6 introns (NVJ_128003 and NVJ_216003), suggesting these two arose through recent 4 0 7 retrotransposition. These two genes are also on the same scaffold, suggesting retrotransposition tryptomes, which can support niche specialization in otherwise similar taxa (Figure 4,6,8) . The appeared (e.g., trypsin-astacin). Indeed, we found no relationship between the age of the domain 4 2 7 and the age of the association with trypsin ( Figure 8B) , further supporting the idea that trypsin New genes are thought to arise rapidly via duplication and divergence (33) but the proportion of 4 3 2 novel genes that become functionally integrated into signaling networks may be very small. The should be expressed in differing contexts, for example in different developmental stages or in Resolving the embryological origin of cnidarian gland cells will be important for understanding after their precursor migrates out of the ectoderm and across the mesoglea (37). Both of these The transition from unicellular to multicellular life was marked by many transitions that enabled 4 6 4 functional specialization. Unicellular taxa used trypsins for intracellular protein regulation but 4 6 5 the origin of the regulated secretion system created new opportunities for protease activity in function of these secretory cells before the increase in anatomical diversity (Figure 9 ). Adult polyps were immobilized for 10 mins in 7.5% MgCl 2 and processed for transmission 4 7 8 electron microscopy as described previously (38) . Samples were imaged on a Hitachi HT7700 at for Marine Bioscience. To characterize the localization of target genes, we performed in situ 4 8 8 hybridization following a standard protocol for N. vectensis (39). To identify trypsin-domain proteins from N. vectensis we first searched the JGI protein models (40). Where multiple partial non-overlapping trypsin domains were identified from the same 4 9 6 protein, we assumed these represented one single contiguous domain (41). Based on a reciprocal 4 9 7
BLAST comparison with transcriptome data available publicly (11), we found 68/99 of the JGI 4 9 8 gene models coding for trypsin proteins were incomplete. We manually corrected these 4 9 9 sequences using the transcriptome data and used these corrected sequences for downstream 5 0 0 analyses. We then used the transcriptome data to search protein models for evidence of We examined the domain architecture of trypsin proteins from N. vectensis by searching for non-5 0 8
Trypsin domains in the amino acid sequences using hmmscan (HMMER 3.1b2) and the complete 5 0 9
Pfam-A database (downloaded Oct 27, 2017) . Hmmscan identifies regions of similarity between 5 1 0 protein queries and domain models (protein profiles) derived from numerous proteins within the we ran hmmscan using the default parameters and report only those domains with an retained; when the overlap was >20% the domain with the lower E-value was retained. In protein models from N. vectensis for the conserved residues that comprise the trypsin catalytic To characterize the origin of trypsin domain architecture, we hmmscan with the same approach life. We sampled three bilaterians (Capitella teleta, Branchiostoma floridae, Homo sapiens), ten A. elegantissima, A. alatina, A. vanhoeffeni, and P. carnea (11) . Proteomes for R. renilla and C. All phylogenetic investigations were planned prior to running any analyses and all are reported 5 4 1 in this manuscript. In most cases, these analyses were outlined beforehand in a phylotocol (44) 5 4 2 that is posted on our GitHub site: https://github.com/josephryan/2019-Babonis_et_al_trypsins.
4 3
Any analyses performed prior to being added to our phylotocol were later added to the document 5 4 4 and justified. To understand the diversification of animal trypsins, we built a phylogeny using predicted alignments from these protein files using the Trypsin HMM (commands available at: 5 5 1 https://github.com/josephryan/2019-Babonis_et_al_trypsins). All trees were constructed using a 5 5 2 maximum likelihood framework with RAxML and . We used the model finder Open stars indicate clades that descended from single genes present in the last common ancestor Hypothesized ancestral states (models with dotted lines) are indicated in two positions for 6 9 4 trypsin-ShK proteins; a revised hypothesis is indicated by the trypsin-ShK model with solid multiple ShK domains appear multiple times in the tree; in these cases, the domain represented at domain and the age of its association with trypsin. 
